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a  b  s  t  r  a  c  t
A  photoactive  complex  based  on  europium(III)  using  the amino  acid  phenylalanine  as  ligand  was
prepared  and  characterized.  The  obtained  europium(III)/phenylalanine  complex  presents  an  effective
energy  transfer  from  ligands  to the  rare earth  center.  The  observed  photoluminescent  behavior  for
europium(III)/phenylalanine  complex  was  similar  to  the  well  known  europium(III)/  acetyl--acetonateeywords:
hotoactive ﬁlms
olyamide
hotoluminescence
hydrate.  New  photoactive  polyamide  thin ﬁlms  were  prepared  using  polycaprolactam  as  host  of  these
complexes.  The  structural  characterizations  of  the  ﬁlms  were  studied  through  Rutherford  backscattering
(RBS),  Fourier  transform  infrared  (FTIR)  and  Raman  spectroscopies.  The  polyamide  ﬁlms  doped  with  the
amino  acid  and  acetyl--acetonate  rare  earth  complexes  maintain  the  original  photoluminescent  behav-
ior,  narrow  emission  bands  corresponding  to  transitions 5D0 → 7F0-4, which  indicates  that  this  polymer
is  an  excellent  host  to these  complexes.henylalanine europium complex
. Introduction
The photoluminescence (PL) properties of thin polymeric ﬁlms
an be used to produce solid state white light sources, result-
ng in the reduction of energy consumption for lighting and in
he improvement of optical signal processing. Some conductive
olymers and copolymers such as ﬂuorenes [1], thiophenes and
olyoxadiazoles [2] have been synthesized to develop electro and
hotoluminescent devices.
Recently, organic light emitting diodes, with emission in the
ltraviolet region were obtained from silicon based polymers [3].
hotoactive polyamides [4] were obtained from a condensation
eaction of ethylene diamines and malonyl dichloride. Further-
ore, some polymers are photoluminescent when modiﬁed by
ntroducing different moieties in its lateral chain. The cyano groups,
hen introduced in thiophene based polymers, and conjugated
∗ Corresponding author at: Departamento de Físico-Química - Instituto de
uímica,  Universidade Federal do Rio Grande do Sul, Av. Bento Gonc¸ alves, 9500,
x. Postal 15003, 91501-970, Porto Alegre/RS, Brazil. Tel.: +55 51 33086287;
ax: +55 51 33087304.
E-mail address: irene@iq.ufrgs.br (I.T.S. Garcia).
169-4332 ©  2011 Elsevier B.V. 
oi:10.1016/j.apsusc.2011.09.100
Open access under the Elsevier OA license.© 2011 Elsevier B.V. 
with the polymeric chain, present the electron withdrawing effect,
which affects the electronic energy levels of the polymer and
increases the PL yield [5].
The photoluminescence in a polymer matrix can also be
obtained by introducing light emitting nanocrystals, such as
dispersed ZnO, Al2O3 and SiO2 in methylmetacrylate which,
through gamma  or electron irradiation, is converted into a
poly(methylmetacrylate) (PMMA) matrix with new optical prop-
erties. The PL properties of polymers can be modiﬁed through the
interaction with ion irradiation [6–8]. Polyamides, which present
good mechanical and thermal properties, present strong photo-
luminescence in the near infrared region when doped with Ag2S
nanoparticles.
Additionally, the use of photoactive rare-earth coordination
compounds in polymers [9–17] and hybrid materials [18–21]
has attracted considerable attention recently. Their photophysi-
cal characteristics, high luminance efﬁciency with sharp emission
bands involving electrons associated with inner f orbitals of the
central rare-earth metal ions, make these systems better than the
Open access under the Elsevier OA license.common ﬂuorescent and phosphorescent compounds [17].
In  order to increase the rare earth photoluminescent properties,
new europium complexes have been presented in the literature
[22]. In these cases, the ligands should coordinate and sensitize the
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Table 1
Concentration of the polycaprolactam and the europium(III) complexes used to
prepare the thin doped ﬁlms.
Complex [Polycaprolactam] (g L−1) [Complex] (g L−1)438 I.T.S.  Garcia et al. / Applied Sur
anthanide center, absorbing the light energy and transferring it
fﬁciently to excited states of the emitting metal ions in a photo-
hemical fate called the antenna effect, resulting in an enhanced
mission of the lanthanide coordination compound. The europium
omplexes are mostly studied due to their strong red-emission and
an be used in full-color displays [23]. Xin et al. [12] investigated the
mission mechanism in organic light-emitting devices, composed
f the Eu(DBM) phyphens complex doped into electron transport-
ng/hole blocking material 4,7-diphenyl-1,10-phenanthroline.
Recent studies have shown that the incorporation of different
inds of europium complexes in a polymeric and oligomeric matrix
22] is a subject of interest. Its characterization is important and is
ne of the purposes of this work. The energy transfer between the
are earth complexes and the polymeric matrix is an important
actor to be considered to obtain these photoactive materials [15].
Blends of polycarbonate/PMMA doped with an Eu(III)/acetyl-
-acetonate complex, in concentrations of 0–16%, were obtained
nd showed higher emissions for lower complex amounts [11]. The
elation complex/polymer was also investigated for Eu(DBM)3Phen
oped PMMA systems with the highest doping concentration sam-
le (104 ppm) [10]. However, some polymers are not stable enough
o be a good host for luminescent complexes, such as the polyvinyl
hloride matrix which, excited at 300 nm,  loses HCl [16].
In the present paper we synthesized a europium complex
sing the phenylalanine amino acid as ligand. The emission
pectrum of Eu(III)/Phe complex was compared to the well
nown europium(III)/acetyl--acetonate  hydrate complex [24]. In
ddition, we investigated the properties of thin ﬁlms of poly-
aprolactam as a host for the Eu(III) complex. The structural
odiﬁcations were followed by Rutherford backscattering (RBS),
lemental analysis, complexometric titration, Fourier transform
nfrared (FTIR), Raman and photoluminescence spectroscopies.
.  Experimental
.1. Materials
The europium(III) complexes were synthesized using analyt-
cal grade acetyl--acetonate (ACAC), l-phenylalanine (Phe) and
u2O3. All the starting materials were used without further puriﬁ-
ation. The polyamide polycaprolactam was supplied by Polyform
hermoplastic Ltda. Its viscosity, determined according ISO 307 was
60 mL  g−1.
.2. Synthesis of the europium(III) complexes
Eu2O3 was converted in europium chloride hexahydrated,
uCl3(H2O)6, by adding 5 mmol  of the oxide to 60 mL of distilled
ater and adding HCl 6 mol  L−1 up to pH 6.0. The product was
btained by ﬁltration and evaporation of the solvent [25]. The com-
lex Eu(III)/phenylalanine was obtained directly of the europium
xide using l-phenylalanine (Phe) as ligand. The europium chloride
ydrate (3 mmol) was dissolved in 30 mL  of water at 80 ◦C under
tirring. An aqueous solution containing 10 mmol  phenylalanine
40 mL)  was dropped in to the europium solution under stirring
uring 90 min  at 80 ◦C. The pH was kept at 7 with addition of NH4OH
 mol  L−1. The system was kept during 24 h, under stirring, at room
emperature and ﬁltered. The solution was evaporated at 110 ◦C
nd the obtained white powder was puriﬁed with methanol, which
issolves the excess of phenylalanine. The puriﬁed complex was
issolved in water and recrystalized through evaporation at 110 ◦C
uring 48 h.
The Eu(III)/ACAC complex was synthesized according to the lit-
rature [26].Eu(III)/ACAC 50.6 385
Eu(III)/Phe 50.6 382
2.3. Preparation of the doped polymer thin ﬁlms
A 50 g L−1 solution of polycaprolactam in formic acid was
prepared and added to the complex synthesized above in the con-
centration according to Table 1. The systems were stirred during 2 h
and placed in ultrasound during 3 h. The thin ﬁlms were obtained
by casting the systems on treated clean silicon 20  cm wafers and
subsequent heating at 120 ◦C in vacuum for 60 min. The backsides
of the substrates after deposition were cleaned with formic acid
and distilled water. This procedure, with the use of silicon 20  cm
wafers, permitted FTIR analysis in the transmittance mode which
permits better band resolution. The techniques used to analyze
the pristine and doped ﬁlms are brieﬂy described in the following
paragraphs. All the measurements have been performed at room
temperature (25 ± 2 ◦C).
2.4. Characterization
The RBS technique was  performed in a TANDETRON HEEV 3 MV
of the Laboratório de Implantac¸ ão Iônica at the Universidade Fed-
eral do Rio Grande do Sul. It was  used to obtain the values of the ﬁlm
thickness to normalize the PL and FTIR spectra and check presence
of europium in the obtained polymer thin ﬁlms. RBS measurements
were performed with 2 MeV  He ions, using incident and exit angles
of 0◦ and 15◦, respectively with the normal to the ﬁlm surface. The
ﬂuency of the beam, used to normalize the RBS spectra, to deter-
mine the relative amount of europium in the ﬁlms, was measured
through a rotating helix covered with gold. This helix rotates at a
constant rate through the beam line in a perpendicular position to
the beam direction. The reproducibility of the data has been tested
in all the measurements by repeating the experiment two times,
always with a new ﬁlm.
The FTIR analyses were performed in a Bomem Michelson MB
102 equipment. Each measurement consisted of 64 scans in a range
of wavenumbers between 6000 and 200 cm−1. This wide region of
wavenumber permitted to remove the interference fringes of the
FTIR spectra, by using the Wang and Miyagi approach [27].
Raman  spectra were obtained at room temperature by using a
micro-positioning system B&WTek and an Andor Shamrock 303i
monochromator. A thermo-electrically charge-cooled back illumi-
nated deep depletion device was used for signal detection, enabling
negligible dark current. A microscope equipped with a 40× objec-
tive lens was used to focus the 785 nm excitation laser beam on the
sample and to collect the Raman signal in the backscattered direc-
tion. The excitation power was  kept at 0.25 mW m−2 in order to
avoid any thermal effects. All spectra were recorded with an acqui-
sition time of 17 min. The laser spot is around 40 m in diameter
and the resolution of the system is approximately 2 cm−1.
The photoluminescence spectra were measured in a spectroﬂu-
orimeter Shimadzu, Model RF-5301PC provided with a xenon lamp.
The excitation wavelength was  optimized at 395 nm after several
scans and observation of the emission region. The observed spec-
tral range of emission was located between 420 and 750 nm. The
excitation and emission slits were 2.5 nm.  All obtained spectra were
normalized by the thickness of the ﬁlms, obtained via RBS.
Sodium  salicylate (ﬂ = 0.42) was  used as quantum yield stan-
dard in the solid-state in order to obtain a relative ﬂuorescence
I.T.S. Garcia et al. / Applied Surface Science 258 (2011) 1437– 1442 1439
Table 2
Relevant FTIR absorption bands of the ligand (Phe) and the Eu(III)/Phe complex,
where  -stretching and ı-in-plane deformation, s-symmetrical and as-anti-
symmetrical.  The values are presented in wavenumber (cm−1).
Attributions Ligand Complex
s (H2O) – 3430
as (N–H) of NH2 3290 3381
s (N–H) of NH2 3270
s (N–H) in NH3+ form,  (C–H) ring,
as (C–H) and s (C–H)
3100–2700 Broad band
3100–2700
ıs (N–H) and ıs (H2O) 1620 1635
 (COO−) 1570 1560
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 (C C) phenyl 1560 1555
ıs (COO−) 1410 1400
uantum yield between the photoactive Eu(III)/Phe, polycaprolac-
am and doped ﬁlms [28–30].
In  order to evaluate the structure of the new europium com-
lex based on phenylalanine as ligand, an elemental analysis and
omplexometric titration were performed. For complexometric
itration a known amount of the complex (1 g) was solubilized in
ater, under stirring and heating. Water was added to a ﬁnal vol-
me of 100 mL.  The pH was adjusted to 6.0 with acetic acid/sodium
cetate. To this solution, 15 mg  of xylenol orange was  added and
he ﬁnal solution was titrated with a solution of ethylene diamin
etracetic acid (1.0 × 10−2 mol  L−1). The titration methodology was
erformed in duplicate. Elemental analyses were performed by
erkin-Elmer model 240.
.  Results and discussion
.1.  Characterization of the europium(III) complex
The structural formula of the new complex, Eu(III)/Phe, deter-
ined through complexometry and elemental analysis was
27H42EuN3O12 (752.60 g mol−1). The theoretical analytical data
f the compound (%): C, 43.09; H, 5.62; Eu, 20.19; N, 5.58; O,
5.51. Found: C, 43.56; H, 5.42; Eu, 19.49; N, 5.95; O, 25.58. These
echniques allowed proposing a hexahydrated complex with three
henylalanine ligands.
The  relevant data obtained from the FTIR of the phenylalanine
nd its complex are shown in Table 2 and Fig. 1. We  observe the
resence of water, characteristic of the complex structure. The
bsence of the C O streching band in wavenumber higher than
700 cm−1, as well as the presence of the absorption at 1640 and
Fig. 1. Infrared spectra of the ligand (Phe) and the Eu(III)/Phe complex.Fig. 2. Emission spectra of the phenylalanine and Eu(III)/Phe at 25 ◦C (exc = 395 nm).
1400 cm−1, indicates that the presence of carboxylate ion in the
structure. The bands ascribed to the carboxylate ions shift to lower
wavenumbers in the complex spectrum, indicating that the pheny-
lalanine is bonded to the europium center through the carboxylate
groups. In addition, a strong and sharp infrared band around
750 cm−1 is associated with a large change in dipole moment when
the ﬁve adjacent hydrogen atoms move in phase, out of the plane
of the benzene ring is also observed [31].
The photoluminescence spectrum of the europium complex
using phenylalanine as ligand is shown in Fig. 2. The spectrum
of the amino acid phenylalanine is also presented for compari-
son. It is important to observe that phenylalanine presents a wide
broad emission band when excited at 395 nm.  The photolumines-
cent behavior of europium(III) is well-known and is attributed to
5D0 → 7F0-4 transitions, which can be observed, located at 591,
614, 686 and 693 nm.  It is worth to mention that the transi-
tions 5D0 → 7F0 and 5D0 → 7F1 are superimposed. In the complex
Eu(III)/Phe, the phenylalanine wide band disappears and the peaks
of europium transitions are clearly observed. This behavior can be
attributed to the phenylalanine ligand, which absorbs and transfers
its energy to the corresponding europium.
The photoluminescence bands are similar to the observed for the
well known europium(III)/acetyl--acetonate  hexahydrate com-
plex (Fig. 3) [25].
Fig. 3. Emission spectra of the Eu(III)/ACAC at 25 ◦C (exc = 395 nm).
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Eu(III)/Phe complex Raman shifts, Fig. 7a, can be attributed to
1706 cm−1 ( C O), 1604 cm−1 (ı H2O), 1582 cm−1 (as COO−),
1443 cm−1 ( C–H ring + s COO−), 1435 cm−1 (ıas CH2), 1410 cm−1
(ı N–H), 1363–1319 cm−1 (ı CH), 1306 cm−1 (CH2 wagging),ig. 4. Infrared spectra of the ligand acetyl--acetonate and the Eu(III)/ACAC com-
lex.
We  also characterized this complex and the analytical data agree
ith the reported values [26]. It presents (%) C, 35.57; H, 5.93; Eu,
4.70; O, 28.45, corresponds to C15H30EuO9. FTIR spectrum of the
omplex Fig. 4, show bands 3600–3000 cm−1 ( OH), 2931 (ass
–H), 2860 (s C–H), 1625 ( COO−) and 1566 ( C O conjugated
ith carbon double bond from the enolic form), characteristic of
he Eu(III)/ACAC complex.
.2.  Characterization of the polycaprolactam thin ﬁlms doped
ith  Eu(III)/Phe complex
The  obtained thin ﬁlms of the doped polyamide were character-
zed with respect to their structure and to their photoluminescent
ehavior. The RBS spectra, depicted in Fig. 5, show europium is
resent in complex and in the ﬁlm. The ﬁlms thicknesses deter-
ined through this technique were 2 m.
FTIR  spectra of the Eu(III)/Phe complex, polycaprolactam and
olycaprolactam doped ﬁlms are shown in Fig. 6 and show clearly
he insertion of the complex in the polymeric matrix. The spec-
rum of the polycaprolactam presents a characteristic amide band
t 3300 cm−1 ( N–H). FTIR spectrum of doped polycaprolactam
lm presents the superposition of the absorptions of Eu(III)/Phe
omplex and the  N–H of amide group of the polyamide matrix.
ig. 5. RBS spectra of Eu(III)/Phe complex, polycaprolactam thin ﬁlms doped with
u(III)/Phe.Fig. 6. FTIR spectra of the thin ﬁlms: polycaprolactam, Eu(III)/Phe complex and poly-
caprolactam doped with Eu(III)/Phe complex. The spectra are shifted vertically in
order to permit to follow the changes.
We  also observe an small shift (10 cm−1) of the C O band of poly-
caprolactam to lower wavenumber, indicating interaction between
polymer and complex.
The  assignments of the Raman spectra are discussed in medium
and low wavenumber regions (Figs. 7 and 8, respectively).Fig. 7. Raman shift in media wavenumber of the thin ﬁlms, where (a) Eu(III)/Phe
complex;  (b) polycaprolactam; (c) Eu(III)/Phe/polycaprolactam.
I.T.S. Garcia et al. / Applied Surface Science 258 (2011) 1437– 1442 1441
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lig. 8. Raman shift in low wavenumber of the thin ﬁlms, where (a) Eu(III)/Phe
omplex;  (b) polycaprolactam; (c) Eu(III)/Phe/polycaprolactam.
213 cm−1 (ı ring); In low wavenumber region, Fig. 8a, we
bserve shifts at 1132 cm−1 (s CN,  C–C) and 1005 cm−1 (ı
ing), 831–746 cm−1 (ı C–H ring), 620 cm−1 (ı COO−), 469 cm−1
ı C–C–C–C). We did not identiﬁed the form [NH3]+ in phenylala-
ine ligand [32], which drive us to conclude the amine group is not
rotonated.
The Raman shifts of the polycaprolactam (Fig. 7b) are observed
t 1635 cm−1 ( C O amide I), 1443 cm−1 (ı C–H), 1306 cm−1 (CH2
agging mode and amide II band), 1274 cm−1 (CO–NH skeletal
ig. 9. PL spectra of the thin ﬁlms: polycaprolactam, Eu(III)/Phe complex, polycapro-
actam  doped with Eu(III)/Phe complex.Fig. 10. PL spectra of the thin ﬁlms: polycaprolactam, Eu(III)/ACAC complex and
polycaprolactam doped with Eu(III)/ACAC complex.
motion), 1124 cm−1 ( C–C) and at low wavenumber region, Fig. 8b,
1074 cm−1 ( C–C), 932 cm−1 (ı in plane CO–NH). Peak situated
at 520 cm−1 is characteristic of  Si–O stretching, originated from
substrate partially exposed [33].
Polycaprolactam thin ﬁlm doped with Eu(III)/Phe complex,
show superimposed Raman shifts (Figs. 7c and 8c) of both species.
We also observe the Eu(III)/Phe hexahydrate structure is preserved
1706 cm−1 ( C O), 1604 (ı H2O) and 1582 (as COO−), during the
doping process. This afﬁrmation is supported the RBS results and
previously reported FTIR results.
Fig. 9 shows the PL spectra of the complex, polycaprolactam
and polycaprolactam doped ﬁlms excited at 395 nm.  The spectra of
the doped polymer ﬁlms show intense photoluminescence, indi-
cating the matrix is suitable for the dispersion of the complex.
For comparison, the polycaprolactam thin ﬁlm was  also depicted
and does not emit when excited with the same wavelength. The
polyamide matrix seems not to affect the photophysical behavior
of the europium complexes and act as a good energy transfer ligand.
The doped ﬁlms show clearly all the Eu(III) transitions and no sig-
niﬁcant broadening of the emission bands. Similar results were also
observed for polycaprolactam doped with the europium(III)/acetyl-
-acetonate hydrate complex (Fig. 10).
Additionally, it could be possible to measure the ﬂuorescence
emission spectra of the rare earth complexes in ﬁlms prepared in
presence and absence of the polycaprolactam and correlate with
the sodium salicylate, which is a ﬂuorescent quantum yield stan-
dard in the solid-state [28–30]. It is worth mentioning that this
methodology is useful only for comparison between these rare
earth ﬁlms, since this standard is not the best one for the europium
complexes emission proﬁle. It could be observed that the ﬁlms pre-
pared in presence of the polymer increase its ﬂuorescence quantum
yields almost three times (ﬂ = 2.3 × 10−2) in despite of the ﬁlms
where the polycaprolactam is absence (ﬂ = 0.9 × 10−2).
The emission properties of the complexes can be added to
the well-known good thermal and mechanical properties of the
polyamide.
4. ConclusionsIn this work the synthesis of the europium(III)/phenylalanine
complex and its application as dopant of polycaprolactam
thin ﬁlms was  investigated and the emission bands are sim-
ilar to europium(III) acetyl--acetonate hydrate complex. The
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Chem. Soc. Perkin. Trans. 2 (1984) 2111.442 I.T.S.  Garcia et al. / Applied Sur
uropium(III) phenylalanine hexahydrate complex presents inter-
ction between the Eu(III) ions and the carboxylate groups of the
-phenylalanine. This complex is luminescent at the same region
f the europium ions and the ligand does not promote widening in
he emission bands, indicating that this complex can be used as a
ood energy donor for europium complexes. The polycaprolactam
s an interesting polymer matrix and can be used to insert pho-
oluminescent complexes, improving quantum yield. There is no
igniﬁcant dissipation of the irradiation by the system polycapro-
actam/complex and we attribute this fact to the polycaprolactam
tiffness at room temperature. The glass transition of the poly-
aprolactam is around 200 ◦C and the polymer is vitreous at room
emperature.
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